The paper presents for the first time a comparative study of long-period gratings (LPGs) written by point-by-point UV irradiation and by electrical arc discharges. These gratings were inscribed in a highly photosensitive boron co-doped fiber that can be considered as a suitable platform for LPG writing using either technology. The experimental transmission data for the manufactured LPG devices fit well when compared to the simulations we carried out in parallel. As a result of each of these writing processes, we were able to obtain a remarkably good quality of grating. Two reasons could explain the observed small differences between the spectra: a slight mismatch of the period of the gratings and an unintentional tapering of the fiber during the arc-based processes. We also found that the UV irradiation at λ = 248 nm can cause clearly visible damage to the fiber's surface. As a result of the UV writing, a coupling to the asymmetrical cladding modes can take place. Moreover, the gratings written using the two technologies show a very similar refractive index and temperature-sensing properties. The only differences between them can come from a physical deformation of the fiber induced by the electric arc discharges.
Introduction
A long-period grating (LPG) is a periodic modulation of the refractive index along the length of the optical fiber [1] . Under certain phase-matching conditions, the grating couples the fundamental core mode to the discrete cladding modes that are attenuated due to absorption and scattering. The coupling is wavelength dependent, so one can obtain a spectrally selective loss. A relatively long period of the modulation gives the possibility of LPG fabrication not only by ultraviolet (UV) irradiation, as commonly used to write fiber Bragg gratings (FBGs), but also by a variety of other methods such as those based on infrared irradiation [2] , electrical arc discharges [3, 4] or even mechanical pressure [5] . However, modifications of the refractive index of the LPGs are most often realized by UV exposure or arc discharges. The first method, based on UV inscription, is assumed to be a superior one in terms of good quality symmetrical coupling and fabrication repeatability [3, 6] .
The second method, employing electrical arc discharges, is often applied due to its simplicity and flexibility, the low cost of the fabrication process [7] and its applicability to photonic crystal fibers (PCFs) made of pure silica [4] .
The aim of this work is to compare LPGs written in a boron co-doped fiber using the two methods mentioned above: point-by-point UV exposure at λ = 248 nm and electric arc discharges. At the UV wavelength used for irradiation of fiber doped with germanium, the core experiences the highest absorption, and at the same time the silica cladding is transparent, so that the color-center model of refractiveindex modulation should be valid [8] . In the case of LPG writing with the arc technique, a partial stress relaxation takes place, which induces a refractive-index difference [9] . These effects have been compared in the experiments reported here. Moreover, both types of grating were investigated in terms of their sensitivity to changes in the external refractive index and temperature. To date, LPGs made in various fibers and with particular writing methods have been examined by a number of authors [8, 10] . On the other hand, to the best of our knowledge, only a few attempts have been made to compare different LPG writing methods applied to the same fiber. The authors of [6] investigated LPG inscription using various UV wavelengths. Gratings written in an SMF28 germanosilicate fiber with a femtosecond laser, UV and arc were compared by Allsop et al [11] with respect to their high temperature sensitivity and polarization dependence. It was shown that both UV and arc methods allow for fabrication of only slightly polarization-dependent gratings. The authors of [12] discussed the refractive-index sensitivity of both UV-and arc-written gratings, where cladding had been thinned. However, they compared LPGs written with different methods and with different periods, and that fact made their comparison incomplete. In both these experiments [11, 12] , the germanosilicate fibers used had to be loaded with hydrogen before the UV irradiation. The hydrogenation process causes significant temporal instabilities of the transmission spectrum [6] . This kind of pre-processing, necessary in the case of the SMF28 fibers, significantly changes the properties of the fibers used to fabricate the LPGs. Consequently, comparing such gratings to LPGs written with the arc method without hydrogenation does not seem to be informative.
In our experiment we used a high B/Ge co-doped fiber. Besides the widely used hydrogen-loading technique, doping the fiber core with boron is a well-known method to increase fiber photosensitivity [8] . The fiber containing boron shows a much higher photosensitive response than that with an equivalent germanium concentration without the boron [13] . A dopant such as boron decreases the refractive index of the core and therefore allows the manufacturer to incorporate more germanium into the core, while keeping constant the core-cladding refractive-index difference [14] . Consequently, the increased germanium content allows for a higher UV absorption than a standard germanosilicate fiber, while the presence of boron itself does not affect the absorption [8, 15] . It was found that the saturated index change for the B/Ge fiber was higher and was achieved faster than that for any other fiber [13] . The additional photosensitivity-enhancing mechanism operating in the boron-containing fiber is based on the stress-induced refractive-index changes that boron is known to cause in silica-based fibers. This enhancement can be achieved by an increase in the fiber-drawing tension [15] . The authors of [16] found that the viscosity decrement coefficient of B 2 O 3 is significantly higher than that of GeO 2 . Enhancing the viscosity difference between the layers through the use of boron increases the difference in the initial elastic strains and thus in the induced mechanical stress.
The incorporation of boron can dramatically lower the transition temperature of germanosilicate glass, a fact that makes it possible to use LPG writing methods other than UV irradiation. Besides the UV-based technique, gratings have already been successfully written in the B/Ge fiber with an electric arc [9] and a CO 2 laser [2] . Using this kind of fiber as a suitable platform for the LPGs written with various techniques, we avoided the time-consuming hydrogenation pre-processing and were able to directly compare the effects of the two pointby-point writing methods.
Experimental details
In this experiment, we used a commercially available PS 1250/1500 fiber from Fibercore. The boron and germanium concentrations were not disclosed by the manufacturer, but according to [3, 17] , the PS 1250/1500 can consist of 10% of GeO 2 and 20% of B 2 O 3 . The core radius for that fiber is usually assumed to be 3.5-4.5 μm. Each of our samples contains a 10 cm middle section of the B/Ge fiber with both ends spliced to the SMF28 fibers. The gratings were written only in the boron-doped fiber segment.
First the LPGs were written with a point-by-point technique using a Pulse Master 840 high-power KrF excimer laser (λ = 248 nm) from Light Machinery. The laser generates pulses 12-20 ns in length. The beam goes through a slit 150 μm in width and a cylindrical lens with a focal length of 75 mm. Each point on the fiber was irradiated by about 40 000 pulses at a power of 150 mJ cm −2 . The fiber could then be shifted by a Newport positioning stage capable of working with a resolution of 1 μm. The second set of LPGs was written with a computer-assisted precision arc-discharge apparatus, described in [18] . The discharge current was adjusted to be low enough to heat the fiber locally and not to produce any visible tapers due to the axial tension applied to the fiber during the fabrication process. The arc discharge time was established at τ = 300 ms.
The chosen grating period for the two sets of LPGs was 350 μm and 400 μm, respectively. The optical transmission of the fiber in the range of λ = 1160-1660 nm was monitored during the LPG fabrication process in order to obtain the desired spectral attenuation notches. We used an Agilent 83437A broadband light source and an Agilent 86142B optical spectrum analyzer.
The LPG response to temperature variations in the 20-70
• C range and to changes in the external refractive index in a range from 1.33 to 1.47 RIU (refractive index units) was further investigated. For refractive-index measurements, several mixtures of glycerin and water were prepared and their refractive indexes (n D ) were determined using a VEE GEE PDX-95 refractometer working with accuracy of ±10 −4 RIU. For temperature measurements two thermoelectric coolers (TEC) were used. The measurements were performed in a temperature-isolated chamber. For temperature readouts, we used a thermocouple probe placed next to the LPG. Each measurement was preformed after stabilizing the temperature in the chamber. The gratings were kept under constant tension during all the investigations.
The spectral behavior of the gratings was simulated using Optigrating v4.2 software by Optiwave. 
Results and discussion
In figures 1 and 2, the spectra of gratings written with two different period lengths, 350 μm and 400 μm, are presented and compared in terms of the fabrication method. It can be seen that both these methods allow good quality LPGs to be written in the B/Ge fiber, with transmission of the last resonance reaching below −20 dB. For both periods, the spectra of the gratings fabricated by arc discharge are shifted to the shorter wavelength, significantly so in the case of the 400 μm period (figure 2). We also found that the gratings written with UV irradiation show some distortions and an extra resonance at 1200 nm. This specific difference will be discussed further in this section.
All the spectra were simulated using the grating and fiber properties summarized in table 1. Due to lack of detailed data about the PS 1250/1500 such as the core radius or dopant concentration in the core determining its refractive index, we had to work out our own model of the fiber by fitting the simulated data to the measurement results. The properties of the fiber assumed for the simulation are similar to those given by other authors [14, 19] , and stay in agreement with Fibercore specifications. The characteristics of the gratings, while influenced by the fiber properties, depend mainly on the period, on the induced change in the refractive index, on the writing technology and on the grating length [7] . As a result of the agreement between the measured and the simulated spectra, we were able to correctly determine the order of the cladding modes responsible for the observed resonances. To achieve an accurate fit, we assume slightly reduced core radius and cladding radius for simulating the fiber grating written with the arc method (compared to the UV method). Moreover, for UV-written LPG having a period of 400 μm, we slightly increase the refractive index of the core (8 × 10 −5 ). Similar good agreement can be achieved assuming that the gratings fabricated by UV irradiation had longer periods than those fabricated by arc discharge. The difference between the spectra can be explained by arc discharge induced tapering of the fiber resulting in decreased core and cladding diameters. That hypothesis can be proven by the good agreement between the measured and simulated data in the case of the UV method for periods of both 350 μm and 400 μm lengths. The tapering of the fiber is caused by a longitudinal tension applied to the fiber during grating fabrication. It was found in the case of the arc method [20] that the increase of the tapering ratio, as well as the shortening of the grating period, induces a blue shift of the resonance wavelengths for each of the cladding modes. Despite the fact that a decrease in the cladding diameter contributes to a red shift, the dominant effect remains the decrease of the core. This in turn reduces the effective refractive index of the guided mode, leading to a blue shift of the resonances [9] . A tapering artifact probably affected the grating characteristics, despite our best efforts to avoid any tapering of the fiber during the writing process.
As mentioned before, some anomalies were observed for the UV-written gratings, including a distortion of the spectra and the presence of extra resonances. Microscopy analysis of these gratings showed significant periodic damage to the cladding surface, which was more visible in the case of the gratings written with the 400 μm period ( figure 3 ). This grating could be irradiated with a higher dose, which in terms of simulation modeling is represented by a higher refractive index of the core. It was found [6] that the B/Ge fiber required significantly higher UV irradiation to obtain a grating effect than did the hydrogenated fibers. Moreover, Kalachev et al noted that the spectra of a grating written in the non-hydrogenated boron-doped fiber are characterized by noticeable 'gray' losses but no such losses are experienced by LPGs inscribed in the hydrogen-loaded fiber. They also reported some cladding damage induced by the UV exposure. We believe that the damage observed in our experiments, like that reported by certain other authors [6, 8] , results from the relatively high power used for irradiation. Nevertheless, LPGs fabricated using UV exposure are usually considered as symmetric in terms of the refractive-index modulations induced in the fiber [3] . The resonance observed at a wavelength of 1200 nm in the spectrum of the UV-irradiated grating (figure 2) is most probably the result of a significant coupling to the asymmetrical cladding modes. Periodic damage to the SMF28 fiber cladding surface was also observed for irradiation with 352 nm high intensity pulses, which in the opinion of Nikogosyan [8] confirms a non-uniform energy distribution occurring in the irradiated fiber. The damage was similar to results obtained for gratings fabricated by CO 2 laser exposure. The polarization-dependent loss (PDL) measurements proved a strong azimuthally asymmetric refractive-index change, due to single-side exposure and deposition of the energy in the cladding [8] . As for the germanium-doped core of the fiber, the highest absorption takes place at λ = 248 nm, the wavelength emitted by the KrF excimer laser. However, for pure silica cladding, the absorption is significantly lower, so that the irradiation can be highly selective [6] . The selectivity should be the main reason for symmetrical mode coupling. For certain conditions of B/Ge fiber exposure to UV light, gratings fabricated with the point-by-point technique showed no presence of such asymmetrical coupling [21] . The good quality spectra obtained in our experiment for the 350 μm grating period prove the possibility of achieving coupling to only the symmetrical cladding modes, by reducing the power of the laser and thus avoiding damage to the fiber's surface. For the B/Ge fiber, where stress relaxation takes place at temperatures as low as 300
• C [22] and where coupling to only symmetrical cladding modes was present, it was shown [2] that even with a lowenergy dose from a CO 2 laser, it was possible to fabricate good quality LPGs. In our case, the gratings written by arc in this kind of fiber are of a quality superior to some of those written by UV irradiation. The statement that gratings fabricated with the arc method are asymmetric [8] seems to be not necessarily true considering these fabricated in the B/Ge fiber. Following Rego et al [20, 23] also for the arcbased method, there may be certain conditions where the perturbations induced in the gratings are asymmetric, but these conditions are usually dependent on the relative position of the fiber and the electrodes.
There are many external influences that can shift the resonance wavelengths of LPGs. According to a number of works on the sensing properties of LPGs, the most commonly measured parameters are external refractive index, temperature, bending, strain and pressure [18, 24, 25] . The influence of the LPG writing method on two particular parameters, sensitivity to the external refractive index and sensitivity to temperature, is discussed in the following two subsections.
Refractive-index sensitivity
Since coupling to the cladding modes is dependent on the external refractive index, the LPGs are particularly sensitive to the external medium [24, 25] . To increase this sensitivity, the period of the grating should be relatively short [10, 26] since the higher-order cladding modes intensely penetrate the external medium [24] . With an increase of the external refractive index, a shift of the resonances toward the shorter wavelengths can be seen. The highest refractive-index sensitivity of the LPGs is observed when the medium's refractive index is close to that of the cladding. The core of the fiber is then surrounded by an infinite medium, and the cladding modes cannot be generated, nor can coupling take place [27] .
Figures 4 and 5 show the wavelength shifts experienced by two resonances of the highest observed cladding modes for each grating when the external refractive-index changes. The highest shift occurs for the resonance of the highest-order cladding mode, which in the observed wavelength range was found to be the LP 07 cladding mode in the LPG with the 350 μm period (figure 5).
For both periods under consideration, the gratings written by UV irradiation are slightly more sensitive than those written by arc discharge. The higher wavelength shifts for the UV-written gratings are in agreement with the calculated ones, assuming the properties of the fiber and grating given in table 1. The higher sensitivity of the UV-written gratings is most probably due to the fact that their resonances take place at longer wavelengths than do those of the arc-written gratings. Following the dispersion relations for water [28] and for glycerin [29] and comparing them to the relation for fused silica [30] , it can be found that the difference between the refractive indexes of the liquid and the cladding material increases with the wavelength, so that the resonances observed at the longer wavelength will shift even more. Note that for our refractive-index measurements, we used mixtures of glycerin, the optical properties of which were measured at λ = 589 nm. The simulations require that the values of the refractive index be given in the infrared range, and these are lower than the values in the visible range. This is the main reason for the small discrepancy between the simulated and the measured wavelength shifts in terms of the external refractive index. According to our results, for both periods considered, the calculated values match the measured data better for the UVirradiated than for the arc-written gratings. The reason for this may lay in some tapering of the arc-induced LPGs, an effect that was not taken into consideration in the simulations. The authors of [12] reported that the decrease in fiber diameter induces a lowering of the effective refractive index of the cladding modes, and simultaneously more interaction of the evanescent cladding modes with the external medium, which in turn leads to an increase of the refractive-index sensitivity. This small reduction in the core radius and cladding radius is present in LPGs written with the arc method. This reduction is 0.07 μm for the core and 0.125 μm for the cladding radius (grating period 350 μm) or 0.165 μm for the core and 0.3 μm for the cladding (grating period 400 μm).
Temperature sensitivity
There are contradictory reports comparing the temperature sensitivity of LPGs written by the arc and that of LPGs written with UV technology in the SMF28 germanium-doped fiber. Humbert and Malki, for example, show that UV-fabricated LPGs have higher temperature sensitivity [7] , while Allsop et al find arc inscription a better method to achieve high temperature sensitivity [11] . In the case of the B/Ge fiber where the temperature sensitivity is several times higher than that for the SMF28, any influence from the LPG fabrication method on the sensitivity should be more clearly visible. The slight difference in temperature sensitivity between the SMF28 and B/Ge fibers can be explained on the basis of the thermo-optic coefficients of the core and the cladding materials [19, 31] . The presence of boron alters the temperature dependence of the refractive index [9] . The difference in thermo-optic coefficients for the B/Ge fiber is higher, so that the sensitivity is also higher. The temperature sensitivity of LPGs based on the B/Ge fiber is one of the highest ever observed in a range of up to 300
• C [16] . However, this sensitivity depends not only on the fiber properties but also on the period of the LPGs, which strongly affects the order of the coupled cladding modes [8] . For each particular mode there is a fractional power in both the core and the cladding, and the resulting ratio leads to a higher sensitivity of the resonances in the case of the higher-order cladding modes [19] .
According to our results, the resonances for LPGs written in the B/Ge fiber experience a negative (blue) shift with an increase in temperature. The sensitivity is in the range of −0.22 to −0.47 nm
• C −1 , depending on the order of the cladding modes observed (LP 04 to LP 07 ). For LPGs written with the 350 μm period, the temperature sensitivity is slightly higher for the arc-induced grating (figure 6). However, for LPGs written with the 400 μm period, the sensitivity was found to be independent of the writing method and equal to 0.27, 0.32 and 0.37 nm
• C −1 for the LP 04 , LP 05 and LP 06 cladding modes, respectively. These results are in agreement with the values obtained by other authors. A sensitivity of −0.14 nm
• C −1 for the LP 03 cladding mode was reported for the LPG written by a CO 2 laser [16] . In the case of the UVwritten LPG, reported values are −0.4 nm
• C −1 for the LP 07 cladding mode [21] and −0.369 and −0.493 nm
• C −1 for the LP 05 and LP 07 cladding modes, respectively [14, 19] . Despite the fact that in our case the LPGs with a 350 μm period written by the arc method had slightly higher temperature sensitivity, we believe that temperature sensitivity in general is not dependent on the writing method.
Conclusions
In our study, we used experiments and computer simulations to compare the properties of LPGs written with the two currently most popular point-by-point methods: UV irradiation and electrical arc discharges.
In order to make reliable comparisons, we inscribed all the gratings for this study in highly photosensitive boron co-doped fiber. This fiber offers a convenient universal platform for both inscription methods, because it does not require complicated and time-consuming preprocessing. Using the two methods, we were able to obtain similar, good quality gratings. A small wavelength shift between gratings produced by the two methods comes most probably from unintentional fiber tapering induced by the arc-based process. Some disadvantages of the point-bypoint UV irradiation technique such as damage of the fiber's surface and the possibility of coupling to the asymmetrical cladding modes were also discovered.
The gratings written using the two methods show very similar refractive index and temperature-sensing properties. In terms of sensitivity to the external refractive index, the only difference between the two types of grating is likely due to physical deformation of the fiber (tapering) taking place during the arc inscription process, which slightly decreases the sensitivity of arc-induced gratings compared to UV-written ones.
